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© The present invention relates to an improved 
method of depositing a diamond-like carbon film 
onto a substrate by low temperature plasma-en- 
hanced chemical vapor deposition (PECVD) from a 
hydrocarbon/helium plasma. More specifically, the 
diamond-like carbon films of the present invention 
are deposited onto the substrate by employing 
acetylene which is heavily diluted with helium as the 
plasma gas. The films formed using the process of 



the present invention are characterized as being 
amorphous and having dielectric strengths compara- 
ble to those normally observed for diamond films. 
More importantly, however is that the films produced 
herein are thermally stable, optically transparent ab- 
sorbent in the ultraviolet range and hard thus making 
them extremely desirable for a wide variety of ap- 
plications. 
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Technical Field 

The present invention relates to an improved 
method of plasma-enhanced chemical vapor depo- 
sition (PECVD) for depositing diamond-like carbon 
films from a hydrocarbon/ helium plasma : prefer- 
ably an acetylene/helium plasma. The films pro- 
duced by the present invention are characterized 
as being thermally stable, optically transparent, 
hard and amorphous. Such films displaying these 
physical properties are extremely useful as deep 
ultraviolet (UV) antireflective coatings. Moreover, 
the films produced by the present invention are 
useful as a scratch resistant and UV inhibiting 
coating for plastic materials, such as lenses. Addi- 
tionally, since the amorphous films are etchable in 
oxygen reactive ion etch processes, the films can 
readily be etched to forrri an absorber for a deep 
UV conventional or phase shift mask. 

Prior Art 

Hydrogenated amorphous carbon (a-C:H) films, 
also called diamond-like carbon (DLC) films be- 
cause of their hardness, have drawn a lot of atten- 
tion because of their potential use in coatings and 
semiconductor devices. For these films to be use- 
ful in chip process technology or in hostile thermal 
and mechanical environments, increased thermal 
stability at high temperatures is necessary. 

Diamond-like carbon films are defined as 
metastable, amorphous material which may contain 
a microcrystalline phase. Diamond-like carbon films 
are differentiated from diamond layers, which are 
fabricated by using plasma-based or hot-filament 
deposition since the diamond layers are poly- 
crystalline material with crystallites up to tens of 
microns in size. The diamond-like carbon films 
were first deposited by Aisenberg, et al., J. Appl. 
Phys. 42, 2953 (1971). Since this first initial inves- 
tigation of depositing diamond-like carbon films, a 
variety of different techniques such as dc or rf 
plasma-assisted carbon vapor deposition, sputter- 
ing, and ion-beam sputtering have been utilized. 
Furthermore, a variety of different carbon-bearing 
source materials, i.e. solid or gaseous, have also 
been used in an attempt to provide an improved 
diamond-like carbon film. However, these tech- 
niques are unable to provide a high quality film 
which exhibits high thermal stability, adjustable op- 
tical transparency and improved hardness. Thus, 
research is ongoing in attempt to develop an im- 
proved method of depositing amorphous diamond- 
like carbon films onto a substrate such that the 
films have the hereinabove mentioned properties. 

One such method of depositing diamond-like 
carbon films on a substrate is disclosed in U.S. 
Patent No. 4.486,286 to Lewin et al. The reference 
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relates to a method for depositing a diamond-like 
carbon film on a substrate by providing a source of 
carbon ions. These carbon ions are directed to the 
surface of the substrate, such as an optical lens, to 

5 form a film. Moreover, the carbon ions are pro- 
duced by a glow discharge by employing at least 
one hydrocarbon gas and at least one other gas 
which removes graphite from the substrate film by 
chemical sputtering. The reference preferably uses 

io a C^H^/COi'/Ar gas mixture or any combination of 
the three to deposit the diamond-like carbon film. It 
is well known in the art that films deposited using a 
C2H 2 /Ar gas mixture arc not thermally stable above 
400 0 C and therefore the films are quite limited in 

75 their application. 

U.S. Patent No. 4,663,183 to Ovshinsky et al. 
discloses a method of forming a hard, carbona- 
ceous film on a substrate. The film is formed by 
decomposing a gaseous hydrocarbon having car- 

20 bon atoms tetrahedrally coordinated to carbon 
nearest neighbors through carbon-carbon single 
bonds. Suitable gaseous hydrocarbons used in the 
process are x,x-dialkyls such as 2,2-dimethyl pro- 
pane. The gaseous hydrocarbons are decomposed 

25 in a radio frequency maintained plasma. The film is 
said to be extremely useful as an antireflective 
coating on a photosensitive semi-conductor. 

U.S. Patent No. 4,717,622 to Kurokawa et al. 
relates to an rf plasma method for depositing amor- 

30 phous diamond films in a CH*/Ar mixture. The 
deposition system employed in this process is a 
plasma injection chemical vapor deposition (CVD) 
technique. As mentioned previously hereinabove, 
the use of Ar as a gas component in CVD often- 

35 times results in a film which is not thermally stable 
above temperatures exceeding 400 *C. Thus, the 
film formed from this technique is very limited in its 
commercial application. 

U.S. Patent No. 4,728,529 to Etzkorn et al. 

40 provides a diamond-like, transparent, clear and un- 
colored carbon coating with low internal stresses. 
The coating is generated on substrates using plas- 
ma discharge from a hydrocarbon gas or a mixture 
of hydrocarbon gas and pure hydrogen. The pre- 

45 ferred gas mixture comprises C2H2/Ar/H2- The 
problem associated with this particular method is 
that the film obtained contains a high concentration 
of hydrogen. A high concentration of hydrogen in 
the film results in a decrease in the thermal stabil- 

50 ity of the coated article. Thus, films containing a 
high concentration of hydrogen are extremely limit- 
ed in their overall use. 

U.S. Patent No. 4 : 91 5,977 to Okamoto et al. 
relates to a method of depositing a diamond film 

55 on a substrate by dc sputtering carbon from a 
carbon target while keeping a dc plasma at the 
substrate. The dc sputtering is conducted in any 
combination of inert gases (such as Ar and Ne), 

3 
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H 2l and hydrocarbons at a temperature of several 
hundred degrees Celsius. 

U.S. Patent No. 4,961,958 to Desphandey et al. 
relates to a process and apparatus for depositing 
diamond films on a substrate. The process ba- 
sically comprises evaporating carbon in a H 2 or 
CH4/H2 plasma atmosphere while maintaining the 
temperature of the substrate between 20 a -600*C. 
The advantage of using this particular technique is 
that one is said to be able to control the plasma 
volume chemistry independent of the source and 
substrate reaction, making it possible to obtain high 
deposition rates and also better control over the 
film properties. 

Despite the numerous methods available in the 
art, there is still a co ntinual need to provide a 
diamond-like carbon film that is thermally stable at 
tempera tures exceeding 600 iC. Such a film pos- 
sessing nigh thermal stability would have high mar- 
ketability and would be exceptionally useful in pro- 
viding a coating for substrates such as magnetic 
heads where improved wear and corrosion resis- 
tance is required. Other potential applications for 
films exhibiting high thermal stability include coat- 
ings for electronic chips, electronic circuit boards 
and semiconductor devices. Furthermore, as in- 
dicated hereinabove films produced by prior art 
processes using H 2 and/or Ar as the plasma gas 
are oftentimes not stable at temperatures above 
400 °C, making them extremely limited in their 
commercial use. 

The present invention is directed to an im- 
proved method of plasma-enhanced chemical va- 
por deposition of diamond-like carbon films onto a 
substrate from a hydrocarbon/helium plasma. 
Moreover, the films produced by PECVD using He 
rather than Ar as a diluent are thermally stable at 
temperatures exceeding 590° C. Since the films 
have a strong adsorption in the deep UV they can 
be used as an antireflective coating (ARC). Due to 
their thermal stability the films can be left on chips 
or easily removed by 0 2 RIE depending on the 
application. Furthermore, the diamond-like carbon 
films produced in accordance with the present in- 
vention are extremely useful as a scratch resistant 
and UV inhibiting coating for plastic lenses. Addi- 
tionally, the films are etchable in oxygen RIE, thus 
finding application as a mask material for use in the 
fabrication of semiconductor devices. 

Summary of the Invention 

The present invention relates to an improved 
method of depositing diamond-like carbon films 
onto a substrate by low temperature plasma-en- 
hanced chemical vapor deposition (PECVD) from a 
hydrocarbon/helium plasma. More specifically, the 
diamond-like carbon films are deposited onto the 



substrate by employing acetylene which is heavily 
diluted with helium as the plasma gas. The films 
formed using the process of the present invention 
are characterized as being amorphous and having 
5 dielectric strengths comparable lo those normally 
observed for diamond films. More importantly, how- 
ever, the films produced herein are thermally sta- 
ble, strongly adsorbing in the deep UV, optically 
transparent and hard thus making them extremely 
10 desirable for a wide variety of applications. 

The diamond-like carbon films of the present 
invention are useful as an ultraviolet (UV) antireflec- 
tive coating. Another potential use of the films is as 
a scratch resistant and UV inhibiting coating for 

75 plastic materials, such as lenses or goggles. Addi- 
tionally, the films formed by the present invention 
are readily etched in oxygen reactive ion etching 
processes therefore they are also useful for for- 
ming a deep UV conventional or phase shift mask 

20 for semiconductor devices. Another potential ap- 
plication for the diamond-like carbon films pro- 
duced by the present process is the passivation 
and sealing of microelectronic packaging parts, 
making them more robust to corrosion and wear. 

25 These and other aspects of the present inven- 

tion are achieved by providing a method for depos- 
iting a diamond-like carbon film onto a substrate by 
PECVD which comprises the steps of: admixing a 
gas of a hydrocarbon and helium; providing a plas- 

30 ma chamber containing the substrate; and introduc- 
ing the hydrocarbon/helium gas mixture into the 
chamber to deposit the film onto the substrate. 
More specifically, the present invention provides a 
method of depositing a diamond-like carbon film by 

35 using a gas mixture which comprises acetylene 
heavily diluted with helium. By employing this 
method, the diamond-like carbon film produced is 
thermally stable at temperatures above 590 • C and 
the film is characterized as being hard, amorphous 

40 and optically transparent. Furthermore, the present 
invention relates to the coated substrate produced 
by the process of the present invention. 

Brief Description of the Drawings 

45 

Fig. 1 is a schematic diagram of the plasma- 
enhanced chemical vapor deposition apparatus 
used for depositing the amorphous diamond-like 
carbon film of the present invention. 
50 Fig. 2 is a cross-sectional diagram of a plastic 

lens coated with an amorphous diamond-like car- 
bon film of the present invention. 

Fig. 3 shows the Forward Recoil Detection 
(FRD) spectra of a He- and Ar-PECVD carbon film 
55 before annealing. 

Fig. 4 shows the FRD spectra of a He- and Ar- 
PECVD carbon film after annealing. 
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Figs. 5(a) and (b) demonstrate the l-V char- 
acteristics of an amorphous carbon film/Si 
heterojunction. wherein Fig. 5(a) represents an n~ 
and p~ type Si heterojunction and Fig. 5(b) repre- 
sents an n + and p~ Si heterojunction. 

Figs. 6(a) and (b) demonstrate the l-V char- 
acteristics of a thin 32 nm amorphous carbon/Si 
(p") heterojunction wherein the reverse bias char- 
acteristics are shown (a) before and (b) after break- 
down. 

Figs. 7(a) and (b) are two graphs showing the 
optical density vs. the wavelength for two quartz 
samples which were coated with a diamond-like 
carbon film by PECVD from acetylene/helium plas- 
ma wherein in Fig. 7(a) the dotted line ( — ) repre- 
sents deposition at 250 0 C, and in Fig. 7(b) the 
solid line (— ) represents deposition at room tem- 
perature (RT). 

Fig. 8 is a photograph showing the differences 
between patterning with (a) no ARC, (b) a spin on 
ARC, (c) an amorphous diamond-like carbon film 
ARC. 

Description of the Preferred Embodiment 

The present invention relates to an improved 
method of producing extremely high quality hard 
amorphous diamond-like carbon films with the di- 
electric strength comparable to diamond by em- 
ploying a low temperature plasma enhanced 
chemical vapor deposition from a hydrocarbon 
diluted in helium. The properties of the films pro- 
duced by the present invention are vastly superior 
to those of plasma enhanced chemical vapor depo- 
sition films deposited from hydrocarbons which are 
either undiluted or diluted with other gases such as 
Ar, H 2 , etc. Thus, materials coated with the dia- 
mond-like carbon films of the present invention are 
extremely useful in a wide variety of applications. 

Fig. 1 is a diagram of a plasma enhanced 
chemical vapor deposition (PECVD) apparatus 8 
that can be used to deposit the diamond-like car- 
bon film of the present invention. The apparatus 
includes a reactor chamber 10 having a throttle 
valve 11 which separates the reactor chamber 10 
from a vacuum pump not shown. A cathode 19 is 
mounted to the reactor chamber 10 and is isolated 
therefrom by a dielectric spacer 20. The cathode 
1 9 is provided with a heater 1 7, an exhaust system 
16 and sufficient means for allowing the inlet of N 2 
gas 18. A substrate 15 is secured to the inner end 
of the cathode 19. As herein contemplated, the 
cathode is electrically connected to a radio fre- 
quency source 14 which may be regulated and the 
impedance between the cathode 19 and the radio 
frequency source 14 is matched by utilizing a 
match box 13. 



The reactor chamber 10 also contains conduits 
21 and 22 for introducing various materials into the 
reactor chamber 10. For example, the pre-mixed 
hydrocarbon helium gas mixture is introduced into 
5 the reactor chamber 10 through conduit 21 while Ar 
gas for cleaning the substrate is introduced through 
conduit 22. 

The hydrocarbon gas which may be used in 
the present invention may be any hydrocarbon 
to compound which is first capable of being gaseous 
and then able to form a plasma at the reaction 
condition employed by the present process. The 
term hydrocarbon implies that the molecules which 
make up the compound contains only carbon and 

75 hydrogen atoms. In accordance with one embodi- 
ment of the instant invention, saturated or unsatu- 
rated hydrocarbon compounds may be employed 
by the present process. By definition, a saturated 
hydrocarbon compound is a compound whose mol- 

20 ecules contain only carbon single bonds while an 
unsaturated compound is a compound whose mol- 
ecules contain carbon double or triple bonds. Suit- 
able hydrocarbons contemplated by the present 
process include alkanes. alkenes and alkynes. 

25 An alkane is defined herein as a compound 

whose molecules contain only single bonds be- 
tween carbon atoms. Suitable alkanes which may 
be employed by the present process include com- 
pounds such as methane, ethane, propane, butane 

30 and the like thereof. Of these alkanes, methane is 
most particularly preferred. 

Alkenes are defined herein as compounds 
whose molecules contain a carbon-carbon doubie 
bond. Alkene compounds which may be employed 

35 by the present process include compounds such 
as ethene, propene, n-butene and the like thereof. 

An alkyne compound is defined herein as a 
hydrocarbon whose molecules contain a carbon- 
carbon triple bond. Suitable alkynes employed by 

40 the present process include acetylene, propylene, 
1-butylene, 2-butylene and the like thereof. Of 
these alkynes, acetylene is most particularly pre- 
ferred. 

It is an especially preferred embodiment of the 
45 present invention that the preferred hydrocarbon 
gas which is employed in forming the diamond-like 
carbon film is acetylene. Additionally, it should be 
recognized that mixtures of hydrocarbon gases 
such as acetylene/methane may also be contem- 
50 plated as the hydrocarbon gas of the present in- 
vention. 

In order to obtain a film with high thermal 
stability, the hydrocarbon gas utilized in the instant 
invention is heavily diluted with helium. The term 
55 heavily diluted is defined herein as an admixture of 
a hydrocarbon with helium such that the final con- 
centration of helium in the admixture constitutes 
from about 99 to about 50% of the gas mixture. 
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More preferably, the hydrocarbon is diluted with 
helium such that the final concentration of hy- 
drocarbon in the admixture is from about 2 to about 
10%. Most preferably, the hydrocarbon constitutes 
about 2% of the overall gas mixture. 

Gases employed by the present invention have 
a purity greater than about 95.5%. In a preferred 
embodiment, the gases have a purity in the range 
from about 98.5 to about 99.99%. Most preferably, 
the gases have a purity greater than 99.99%. 

The high purity gases are pre-mixed in the 
same gas cylinder before being introduced in the 
reaction chamber. The gas mixture is introduced 
into the chamber by first passing it through a flow 
controller at a sufficient flow to provide a total 
pressure of hydrocarbon and helium from about 1 
mTorr to about 600 mTorr. To provide the most 
effective diamond-like carbon film it is preferred 
that the pressure of hydrocarbon helium mixture be 
about 20-200 mTorr. The above conditions can also 
be obtained by introducing each gas separately 
through flow controllers providing the desired par- 
tial pressures. 

Suitable substrates which may be coated with 
the diamond-like film include materials such as 
plastics; metals; glass plates; magnetic heads; 
electronic chips; electronic circuit boards; semicon- 
ductor devices and the likes thereof. The substrate 
to be coated may be any shape or size provided 
that the substrate may be placed into the reaction 
chamber of the PECVD device. Thus, regular or 
irregular shape objects having any dimension may 
be used in the present invention. 

The substrate is mounted on a rf cathode in- 
side the reaction chamber of the PECVD device. 
The reaction chamber is then tightly sealed and 
evacuated until a pressure reading in the range of 
about 1 x 10~ 4 to about 1 x 10~ 7 Torr is obtained. 

After evacuating the reaction chamber to the 
desired pressure range mentioned hereinabove, the 
substrate is then heated to a temperature from 
about 25 to 400 *C. In a preferred embodiment of 
the present invention, the substrate is heated to a 
temperature from about 200 to 300 ° C. Most prefer- 
ably, the substrate is heated to a temperature of 
about 270 *C prior to introducing the gas mixture 
into the reaction chamber. The temperature of the 
substrate is then held constant throughout the en- 
tire deposition process. 

Depending on the type of substrate used, the 
material may or may not be subjected to in-situ 
plasma cleaning prior to depositing the diamond- 
like carbon film. Suitable cleaning techniques em- 
ployed by the present invention include bb, Ar, O2 
and N2 plasma sputter etching techniques. 

After achieving and maintaining the desired 
temperature, the admixed gas is introduced into 
the reaction chamber at a flow of about 10 to about 
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100 seem. More preferably, the flow rate of the 
reactant gas is from about 30 to about 80 seem. 
Most preferably, the flow rate of the admixture of 
hydrocarbon and helium is about 50 seem. The 

5 mixture is introduced into the reaction chamber at 
a pressure of about 1 to about 1000 m Torr. It is 
another preferred aspect of the instant invention 
that the admixture be introduced at a pressure of 
about 20 m Torr. 

10 In order to obtain a plasma of the gas mixture, 

the cathode bias was held fixed at a voltage from 
about -90 to about -300 V throughout the deposi- 
tion process. Most preferably, the cathode bias was 
maintained at -100 V throughout the experiment. 

75 This voltage is supplied to the rf cathode by using 
an rf choke-isolated dc power supply source. To 
minimize damage to the substrate material during 
the deposition process a low rf power density 
should be utilized. Typically this involves applying 

20 an rf power density from about 3 to about 10 
mW/cm 2 . More preferably, the rf power density 
employed by the present invention is maintained at 
6 mW/cm 2 throughout the deposition process. 

The diamond-like carbon film is deposited onto 

25 the substrate at a rate such that an essentially 
continuous coating of the film on the substrate is 
obtained. More specifically, by employing the pre- 
viously mentioned operation parameters, the dia- 
mond-like carbon film is deposited onto the sub- 

30 strate at a rate of about 0.5 to 5 nm/min (about 5 to 
50 A/min). The most preferred rate of depositing 
the diamond-like carbon film onto the substrate is 
at a rate of about 2 nm/min (about 20 A/min). 

In accordance with the present invention, the 

35 diamond-like carbon films deposited on the sub- 
strate are from about 10 to about 1000 nm (about 
100 to about 10,000 A) thick. More preferably, the 
thickness of the diamond-like carbon coating is 
from about 40 to about 200 nm (about 400 to about 

40 2000 A). It should be noted that by changing the 
resultant film thickness the optical density of the 
film can be changed. Thus, it is quite possible to 
tailor make a substrate with a defined optical den- 
sity by merely increasing or decreasing the thick- 

45 ness of the film. The preferred optical densities of 
the diamond-like carbon films prepared by the 
present process are in the range from about 1 to 
about 3 at a wavelength of 248 nm which cor- 
responds to a film thickness of about 100 to about 

so 300 nm (about 1000 to about 3000 A). 

After depositing the diamond-like carbon film 
onto the substrate, the coated material depending 
on its application may or may not be annealed. 
Annealing typically involves heating the substrate 

55 in an atmosphere of Ar/H2 at 590 "C for a lime 
period of about 3 to about 5 hours. 

The diamond-like carbon film deposited in ac- 
cordance with the process of the present invention 

6 
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are characterized as being amorphous, hard, ther- 
mally stable and optically transparent. Additionally, 
the diamond-like carbon films deposited by PECVD 
from a hydrocarbon/helium gas mixture have di- 
electric strength comparable to those normally as- 
sociated with diamond films. The diamond-like car- 
bon film deposited from a hydrocarbon/helium gas 
mixture in accordance with the present invention 
has a dielectric strength close to 10 MV/cm. 

The diamond-like carbon films of the present 
invention also provide a substrate with an extreme- 
ly hard protective coating. The films deposited by 
the instant invention have a Young modulus of 
about 213 GPa to about 278 GPa which corre- 
sponds to a hardness of about 22.8 GPa to about 
38.4 GPa. The film hardness is measured herein 
by using a nanoindenter from Nano Instruments, 
Knoxville, TN. 

As indicated previously, the diamond-like car- 
bon films of the present invention formed on the 
substrate are also optically transparent. The films 
are optically transparent at wavelengths of about 
450 to about 750 nm, preferably about 550 to 
about 750 nm. Films which are optically transpar- 
ent are suitable for use as coatings for plastic 
lenses or goggles. 

Of the characteristics listed hereinabove, of 
particular importance is that the diamond-like car- 
bon films deposited by the instant invention are 
thermally stable at temperatures exceeding 590 ° C. 
This high thermal stability of the resultant diamond- 
like carbon films exceeds those values previously 
reported for PECVD using undiluted hydrocarbon 
or a hydrocarbon/Ar gas mixture. Without wishing 
to be bound by any mechanism, the improved 
thermal stability of the film obtained using a hy- 
drocarbon/He gas mixture indicates that helium 
may play an important role in stabilizing the sp 3 
coordination of the carbon atoms in the resultant 
film. Thus, thermal stability in this instance appears 
to be due to the properties of plasma excited 
helium. In a He-excited plasma energetic electrons 
are absorbed by the high energy metastable states 
at about 22 eV which is only about 2 eV below the 
ionization potential of He (24.46 eV). This makes it 
easier to maintain a plasma since the ionization 
takes place from the metastable states at a lower 
energy. This lowers the overall electron tempera- 
ture of the plasma resulting in less energy available 
to produce multiple and gas phase nucleation. In 
contrast, Ar has low energy metastable states at 
about 12 eV (ionization potential of 15.68 eV) which 
cannot sufficiently remove the high energy elec- 
trons from the films. Thus, films formed from a 
hydrocarbon/Ar plasma are not thermally stable at 
temperatures above 400 • C. 

Additionally since the diamond-like carbon 
films of the present invention are exceptionally 
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hard having the hereinabove defined Young's 
modulus and hardness, the film when applied to a 
plastic surface results in a coating that is highly 
scratch resistant and UV protective. Highly scratch 

5 resistant and UV inhibiting coatings are extremely 
important aspects which one must take into consid- 
eration when developing a coating for plastic len- 
ses, goggles, car windows, etc. 

Fig. 2 is a cross-sectional diagram of a plastic 

w lens coated with an amorphous diamond-like car- 
bon film of the present invention produced by 
PECVD from an acetylcne/hclium plasma. The 
plastic lens is made from a polymethylmethacrylate 
(PMMA) material (1) which is soft and easy to 

75 scratch. However, when the amorphous diamond- 
like carbon film (2) is deposited onto the surface of 
the plastic lens in accordance with the present 
invention, an improved scratch resistant coating is 
obtained. Furthermore, the plastic lens coated with 

20 the film of the instant invention provides improved 
UV protection over prior art films. 

In accordance with another aspect of the 
present invention, the diamond-like carbon films act 
as a deep UV antireflective coating (ARC) which 

25 are needed to fabricate memory chips or other 
devices. Such coatings effectively reduce the re- 
flectivity effects when exposing and patterning a 
single layer deep UV resist used in circuit fabrica- 
tion on memory chips. Normally, an ARC is made 

30 of polymers spun on the wafer, however, this re- 
sults in poor process control because the ARC 
material reacts with the photoresist (PR) degrading 
the ARC/PR interface. Furthermore, spin-on ARC 
are not suitable for coating fine lithographic fea- 

35 tures such as 0.5 urn (wide) x > 1 urn (deep) 
trenches. The films formed by the present inven- 
tion readily etch in oxygen plasma at a rate com- 
parable to those of photoresists. Thus, the film 
when coated onto a memory chip may be easily 

40 removed by 0 2 plasma treatments typically used 
for photoresist residue removal without damaging 
the photoresist profile. Furthermore, the index of 
refraction of the films is similar to that reported for 
organic photoresist thus reflections at the 

45 ARC/photoresist interface are minimized as op- 
posed to inorganic ARC of higher index. 

Furthermore, the diamond-like carbon films 
formed by the present invention may be used as 
an ideal absorber for deep UV photomasks. Such 

so photomasks will be used as an alternative to 
chrome mask blanks which are commonly em- 
ployed in the art. This process will eliminate all of 
the environmentally hazardous aspects of the 
chrome deposition, wet and RIE processes. Fur- 

55 thermore, the carbon masks containing the film of 
the present invention brings with it the high thermal 
conductivity of diamond as well as the hardness. 
Thus, these films can also be used as a direct 
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patterned mask material and be ablated using a 
193 nm laser in a reticle generation machine. The 
carbon photomask absorber having the film formed 
from an acetylene/helium plasma are elched at the 
same rate as photoresist in an oxygen plasma RIE 
thus eliminating the chrome wet etch and RIE 
process which produce toxic waste products thus, 
patterning the mask is a simpler and environmen- 
tally more acceptable process. 

The carbon films of the present invention have 
a reflectivity of 13.5% at 248 nm as compared to 
antireflecting chrome at 27%. This nearly 2X dif- 
ference will serve to reduce the unwanted flare 
reflected from the reticle/mask. 

The carbon films as a photomask absorber can 
be deposited at a thickness of about 200 nm (about 
2000A) which corresponds to an optical density of 
about 2.3. The films can also be used as an 
attenuated phase mask. In this application a film 
thickness of 120 nm (1200A) would be required for 
a -n phase change. 

The following examples are given to illustrate 
the scope of the present invention. Because these 
examples are given for illustrative purposes only, 
the invention embodied therein should not be limit- 
ed thereto. 

EXAMPLE I 

The following example is given to illustrate the 
process of depositing a diamond-like carbon films 
onto a substrate by plasma-enhanced chemical va- 
por deposition from a hydrocarbon/helium gas mix- 
ture. 

Experiments were carried out for depositing 
diamond-like carbon films on n~, n + , p~ and p* Si 
substrates which were previously cleaned by em- 
ploying a standard cleaning procedure outlined 
hereinbelow. The substrates were first dipped for 
five minutes at about 70 °C in ammonium hydrox- 
ide (NhUOH), hydrogen peroxide (H2O2), Dl water 
(1:1:5), then Dl water rinsed to 18 megohm. There- 
after, the substrates were then dipped again for five 
minutes at about 70 °C in hydrogen chloride (HCL), 
hydrogen peroxide (H 2 0 2 ), Dl water (1:1:5) and 
again Dl water rinsed to 18 megohm. The sub- 
strates were then etched for about 10 sec at room 
temp (until wafer is hydrophobic) in 10% HF in Dl 
water or 9:1 BHF and Dl water rinsed to 18 
megohm. Finally they were blow dried with (fil- 
tered) nitrogen gas. 

The Si substrates were then loaded on to the rf 
cathode of the PECVD device in Fig. 1. Thereafter, 
the system was evacuated to a partial pressure 
reading of about 1 x 10~ € Torr. The substrates 
were then heated to a temperature of about 250 " C. 
Upon obtaining the desired substrate temperature 
the amorphous diamond-like carbon films were de- 



posited from a mixture of acetylene/helium at a 
pressure of about 20 mTorr. The gases employed 
by the present process have a purity of greater 
than about 99.99% and furthermore the admixture 

5 gas comprise 98% acetylene and 2% helium. To 
minimize plasma damage to the substrates, a rf 
power density of about 6 mW/cm 2 was utilized in 
this experiment. The admixture gas was introduced 
into the reactor chamber at a flow of about 50 

10 seem. The rf plasma was ignited such that a nega- 
tive cathode self-bias of -100V was maintained 
throughout the process. The diamond-like carbon 
was deposited onto the substrates at a rate of 
about 1.8 nm/min (about 18 A/min). The process 

75 was stopped after a film thickness of about 90 nm 
(about 900A) was obtained. 

COMPARATIVE EXAMPLE A 

20 The following comparative example illustrates 

the importance of utilizing an acetylene/helium gas 
mixture in providing a diamond-like carbon film 
with improved thermal stability. Diamond-like car- 
bon films in this example were deposited in accor- 

25 dance with the procedure described in Example 1 
however the admixture contained an acetylene/Ar 
(2% Ar) mixture. It should be noted that the hy- 
drogen content is a key parameter in defining the 
film properties because the hardness of the film is 

30 attributed to the formation of sp 3 bonds which 
contain at least 1 ,2 or even 3 hydrogen atoms. The 
poor thermal stability of PECVD amorphous films is 
attributed to H loss leading to the formation of 
dehydrogenated sp 2 bonds (graphite) after thermal 

35 stress. Thus, the H content for the Ar- and He- 
PECVD process before and after thermal stress by 
forward recoil detection (FRD) were measured. This 
technique gives a direct measurement of the num- 
ber of H atoms contained in the film. 

40 Fig. 3 shows the FRD spectra of He- and Ar- 

PECVD carbon films. The H content is 26 and 22 
at. %, respectively. These numbers are measured 
by comparison to a known calibrated reference. 
Fig. 4 shows the same spectra after annealing at 

45 about 590 *C for 3 hrs in Ar/H 2 ambient. The H 
content decreased to 17 and 15 at. %, respec- 
tively. The Ar-PECVD film became hazy and soft. A 
roughening of the film may explain the peak asym- 
metry i.e. the tail, in the spectra of the annealed 

50 sample. The He-PECVD sample also lost H but the 
film was still hard (i.e., it could not be scratched by 
a razor blade). Since both the Ar- and He-PECVD 
films lost approximately the same amount of H, the 
stability can not be attributed only to the H content. 

55 H is likely to be in an unbound form for the Ar- 
PECVD film. Annealing at 590 'C of the Ar-PECVD 
films showed only sp 2 coordination by infrared 
spectroscopy. The better thermal stability of films 
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prepared in CsHb/He mixture indicates that the He 
may play a major role in stabilizing the sp 3 co- 
ordination. Thus, as mentioned previously herein, 
thermal stability appears to be due to the prop- 
erties of plasma excited He. 

Also Rutherford back-scattering showed that Ar 
(5 at.%) was incorporated into the film and this 
may contribute to instability at high temperatures. 

In summary, it has been shown that the ther- 
mal stability of a PECVD amorphous carbon film 
can be greatly enhanced by diluting hydrocarbon 
gases in He rather than Ar. An amorphous carbon 
film deposited by PECVD of C 2 H 2 /He preserved its 
hardness after annealing at 590 • C. This stability 
appears to be related to a better film nucleation 
which helps to stabilize the sp 3 tetrahedral co- 
ordination, rather than to the H content. 

EXAMPLE II 

The following example illustrates the electrical 
properties on the diamond-like carbon films formed 
by PECVD from an acetylene/helium gas mixture. 
The two materials employed in this example com- 
prise an Al/amorphous carbon/Cr and Al/amorphous 
carbon/Si. The amorphous diamond-like carbon film 
was deposited onto the Cr and Si substrate in 
accordance with the procedure of Example I. The 
electrical properties of the coated substrates were 
determined by electron-beam evaporation of Al 
dots having an area = 5.5 x 10~ 4 cm" 2 through a 
metal mask. A capacitance-voltage (C-V) measure- 
ment at 1 MHz of the Al/amorphous carbon/Cr 
structure gave a dielectric constant e =6.0±0.1 for 
the amorphous carbon. This value compares well 
with 6=5.7 reported for diamond (see: S.M., Sze, 
Physics of Semiconductor Devices, 2nd Cd. (Wiley, 
NY, 1981), Appendix G, p. 849). 

The l-V characteristics of the coated Al/Si 
structure for four different Si doping concentrations 
are shown in Figs. 5(a) and (b) wherein Fig. 5(a) 
represents an n" and p~ type Si heterojunction and 
Fig. 5(b) represents an n+ and p" type Si 
heterojunction. The silicon doping was =l0 1b cm~ 3 
for n" and p" and lO^cm" 3 for n + and p + . Note 
that the l-V characteristics have a strong depen- 
dence on the Si substrate doping and therefore 
they can be attributed to the amorphous carbon/Si 
heterojunction and not to the metal/carbon inter- 
face. Fig. 5b shows the l-V curves at high Si 
doping. In this case the Fermi level moves closer 
to the band edges and conditions at the heterojun- 
ction are enhanced by tunnelling. This lowers the 
specific contact resistance of the amorphous car- 
bon/Si interface. Thus, a rough estimate of the film 
resistivity can be obtained by measuring the series 
resistance associated with the amorphous car- 
bon/Si(n"") heterostructure. This gives p~10 5 fl.cm 
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which appears to be close to the intrinsic resistivity 
of Si p =2.3 x 10 5 O.cm. 

Fig. 5a shows that the barrier heights for the 
amorphous diamond-like carbon film to n- and p- 

5 type Si are different. The p- type material gives a 
barrier height 0.2 eV higher than n- type. This 
difference can be measured by comparing the re- 
verse bias saturation currents for the n and p 
materials assuming that the current density is, J, 

70 Jocexp(-<> b /kT)x[exp(qV/kT)-1 ] where <*> b is the bar- 
rier at the junction, k is the Boltzmann constant, T 
is the temperature, q is the charge and V is the 
applied voltage. Since the doping levels in the n- 
and p-type Si samples are about the same, the 

75 band-edge Fermi level energy differences are also 
about the same. Also, the optical bandgap from 
absorption measurements is 1.1 eV for the amor- 
phous carbon film which roughly matches the Si 
bandgap of 1.12 eV (at room temperature). There- 

20 fore the 0.2 eV difference can be attributed to an 
offset between the amorphous carbon film and the 
Si energy band edge; specifically, the electron 
affinity of the amorphous carbon film is less than 
that of Si by a few tenths of an eV. This would 

25 explain the higher barrier observed for the p- type 
heterostructure when compared to the n- type. 

Figs. 6 (a) and (b) show the l-V characteristic 
for a heterojunction with a very thin 32 nm amor- 
phous diamond-like carbon film. The silicon is p- 

30 type. Under reverse bias, breakdown occurs at 60V 
or 19 MV/cm. After breakdown the reverse leakage 
current increases by approximately two orders of 
magnitude. The same effect was observed for 
heterojunctions with a 100 nm film thickness. This 

35 implies that breakdown occurs at the junction rath- 
er than in the carbon film since no film thickness 
dependence was observed. Thus, only a very high 
junction breakdown was obtained under reverse 
bias. This indicates that the amorphous carbon film 

40 breakdown is also very close to the diamond 
breakdown of approximately 10 MV/cm. 

EXAMPLE III 

45 The following example illustrates one important 

application for the diamond-like carbon films 
formed by PECVD from acetylene/helium plasma. 
More specifically, the example shows that the dia- 
mond-like carbon films of the present invention 

50 may be successfully used as a protective coating 
for PMMA plastic lenses. Plastic lenses made for 
PMMA are usually soft and easy to scratch thus 
protective coating for the lenses is highly desirable. 
Scratch resistant coating which can also provide 

5i> UV protection are available in the art however 
these coating are not hard enough and do not 
provide sufficient shielding form the brightness of 
the sun. 

9 



15 



EP 0 605 814 A1 



16 



The plastic lens was first cleaned with an 
isopropyl alcohol solution and then loaded into the 
reactor chamber. Thereafter, the lens was sputter 
cleaned in Ar ai 600 V, 5m Torr, for 5 rnin. This 
sputter cleaning process was conducted to assure 5 
good adhesion of the diamond-like carbon film onto 
the lens. The PECVD carbon film was deposited in 
accordance with the procedure described in Exam- 
ple I, however, the temperature of the substrate 
was kept at 25 * C to prevent high temperature io 
deterioration of the lens properties. 

In this particular experiment a film having a 
thickness of 90 nm was deposited. The resultant 
film is amber in color and provides UV protection 
and shielding from the sun brightness. Further- 75 
more, the film provides improved scratch-resistant 
protection for the lens as determined by rubbing 
steel wool on it. Fig. 7 (a) aod (b) show the optical 
densities as a function of wavelength for two car- 
bon coatings on quartz deposited at room tempera- 20 
ture. Both films are hard, have an amber color and 
are transparent in the visible region of the elec- 
tromagnetic spectrum. Note that thicker coatings 
give higher UV protection with optical densities >2. 

25 

EXAMPLE IV 

The following example illustrates the use of the 
amorphous diamond-like carbon film as an anti- 
reflective coating (ARC) for memory chip fabrica- 30 
tion. In this example, the diamond-like carbon film 
was deposited onto the memory chip in accor- 
dance with the process described in Example I. A 
memory chip containing no ARC and one contain- 
ing a spin-on ARC coating were also prepared for 35 
comparison. Figs. 8(a)-8(c) illustrate the differences 
between patterning with (a) no ARC, (b) a spin-on 
ARC and (c) an amorphous diamond-like carbon 
film. Clearly by depositing the diamond-like carbon 
film onto the substrate in accordance with the pro- 40 
cess of the present invention, an improvement in 
the patterning of the single layer resist is obtained. 
In other words, the photoresist profile is not 
damaged by using the films of the present inven- 
tion. This is observed in Fig. 8(c) wherein the 45 
photoresist edge profile represented by the verticle 
lines in the figure are more clearly defined than the 
photoresist edge profiles of either Figs. 8(a) or 8- 
(b). The line width of the photoresist edge profile in 
Fig. 8(c) is 0.35 urn. 50 



(a) admixing a gas of a hydrocarbon and 
helium; 

(b) providing a plasma chamber containing 
said substrate; and 

(c) introducing said gas mixture into said 
plasma chamber to deposit a diamond-like 
carbon film on said substrate. 

2. The method of Claim 1 wherein the hydrocar- 
bon is an unsaturated or saturated compound. 

3. The method of Claim 2 wherein the saturated 
hydrocarbon is an alkane compound, prefer- 
ably methane, ethane, propane or butane, 
most preferably methane. 

4. The method of Claim 2 wherein the unsatu- 
rated hydrocarbon is an alkene compound, 
preferably ethane, propene or n-butane or an 
alkyne compound, preferably acetylene, pro- 
pyne, 1-butyne or 2- butyne, most preferably 
acetylene. 

5. The method of Claim 1 wherein the admixture 
is a hydrocarbon heavily diluted with the he- 
lium, the dilution comprising from about 50 to 
about 1% hydrocarbon and from about 50 to 
about 99% helium. 

6. The method of Claim 1 wherein the admixed 
gas has a partial pressure of hydrocarbon: 
helium from about 1:100 to about 50:50. 

7. The method of any one of the preceding 
claims wherein the hydrocarbon and helium 
are from about 98.5% to about 99.99% pure. 

8. The method of Claim 1 wherein said diamond- 
like carbon film has an amorphous crystal 
structure. 

9. The method of Claim 1 wherein said diamond- 
like carbon film has a thickness of about 10 to 
about 1000 nm (about 100 to about 10,000A), 
and a Youngs Modulus Hardness of about 
213/22.8 to about 278/38.4 GPa. 

10. The method of Claim 1 wherein the substrate 
is loaded onto a capacitively coupled rf cath- 
ode in said plasma chamber. 



Claims 

1. A method of depositing a diamond-like carbon 
film onto a substrate by plasma-enhanced 
chemical vapor deposition which comprises 
the steps of: 



55 



11. The method of Claim 1 wherein the substrate 
to be coated with said diamond-like carbon 
film is a plastic, glass, metal, magnetic head, 
electronic chip, electronic circuit board or a 
semiconductor device. 
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12. The method of any one of the preceding 
claims wherein the admixture is introduced at a 
rate from about 1 to about 1000 seem and the 
deposition of the diamond-like carbon Film is 
conducted at a pressure range from about 1 to 5 
about 1000 m Ton at a rate from about 0.5 to 
about 5 nm/min (about 5 to about 50A/min). 

13. The method of any one of the preceding 
claims wherein the diamond-like carbon film is w 
thermally stable up to a temperature of about 

590 °C and is optically transparent at a 
wavelength from about 450 to about 750 nm. 

14. The method of any one of the preceding 75 
claims wherein said diamond-like carbon film 

is deposited on said substrate at a temperature 
of about 25 to about 300 • C. 

15. The method of any one of the preceding 20 
claims wherein the diamond-like carbon film 

has a dielectric strength of about 10MV/cm 
and an optical density of about 1 .0 to about 1 .5 
at 248 nm. 

25 

16. The method of any one of the preceding 
claims wherein the diamond-like carbon film is 
a deep ultraviolet inhibiting antireflective coat- 
ing or a scratch resistant coating. 

30 

17. The method of any one of the preceding 
claims wherein the diamond-like carbon film 
deposited on said substrate is patterned by 
oxygen reactive ion etching to form a pat- 
terned layer for use as an attenuated phase 35 
shift mask. 



18. The method of Claim 17 wherein the substrate 
is quartz. 

40 

19. The method of any one of the preceding 
claims wherein the diamond-like carbon film 
deposited on said substrate is removed by 
oxygen reactive ion etching to form an an- 
tireflective coating for a patterned single layer 45 
deep UV photoresist. 

20. A scratch resistant lens comprising: 

a) a lens; and 

b) a diamond-like carbon film formed on 50 
said lens, said film being deposited in ac- 
cordance with the method of any one of 
claims 1 to 19 to form a scratch resistant 
coating on said lens. 

55 

21. A scratch resistant lens according to claim 20 
wherein said lens is an ultraviolet inhibiting 
antireflective lens. 
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